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Abstract

The Epic® system, a high-throughput label-free optical biosensor system, is applied for the biochemical
interrogation of phosphor-specific interactions of the 14-3-3 protein and its substrates. It has shown the
capability not only for high-throughput characterization of binding rank and affinity but also for the explo-
ration of potential interacting kinases for the substrates. A perspective of biochemical applications for
diagnostics and biomarker discovery, as well as cell-based applications for endogenous receptors and viral

infection characterization, are also provided.

Keywords: Label free; phosphor-specific; Epic®; 14-3-3; kinase

Introduction

Label-free detection technologies have been widely used
to characterize biomolecular interactions without hav-
ing to label the target molecules (1,2). Different trans-
duction techniques, such as surface plasmon resonance
(SPR), optical ellipsometry, quartz crystal microbalance,
Raman scattering, and calorimetry, have been devel-
oped. Despite their diverse applications, most of their
compatibility with high-throughput screening remains
a challenge, although recent developments [i.e., SPR
imaging (3), or incidence-angle dependence of opti-
cal reflectivity difference imaging (4)] have shown the
potential for increasing throughput. Currently, resonant
waveguide grating (RWG) sensors have been developed
into a high-throughput microplate-based biosensor—
the Epic® system—combining the features of label-free
detection with high-throughput capability (5). Label-
free optical biosensors offer the possibility to develop a
generic assay for evaluating protein-protein interactions
specific to phosphorylated target sequences (6).

Phosphorylation is a key posttranslational process
that confers diverse regulation in biological systems
involving specific protein-protein interactions recogniz-
ing the phosphorylated motifs (7). Of great interest for
ion channels, which represent an important but under-
developed class of drug targets, is the surface expression
of these membrane proteins modulated by the post-
translational phosphorylation. Acommon effect of phos-
phorylation is a change in protein-protein interactions.
14-3-3s were the first protein modules to be identified as
binding specifically to phosphorylated substrates (8,9).
Evidence from structural studies and sequence analyses
indicates that the primary function of 14-3-3 proteins
lies in their preferential binding to phosphorylated sub-
strates, through their antiparallel bivalent binding sites.
In addition to known canonical binding motifs, several
earlier reports have identified interactions between
14-3-3 proteins and the C-termini of target proteins.
This characteristic binding (i.e., SWpTY motif, proposed
as Mode III) (10), has high-binding affinity that is com-
parable to that of the canonical binding motifs (11).
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Recently, studies have suggested that 14-3-3 proteins,
through binding to inducible phosphorylated motifs,
regulate protein expression on the cell surface (9).
Currently, multiple methods are available for detect-
ing phosphorylation (12), including antibodies-based
fluorescent detection, radioactive-ATP, and fluorescent-
labeled peptide substrates for FRET (13), or fluorescence
polarization detection (14). Although above mentioned
methods have offered a wide range of choices for char-
acterization of phosphorylation, and potentially for
the development of high-throughput screening assays,
these label-based methods are prone to artifacts and
other detrimental effects [i.e., label effect on antibody
interactions (15)]. Here we present our results from
use of a high-throughput label-free optical biosensor
system—Epic®—for the interrogation of phosphor-
specific interaction of 14-3-3 with SWpTY motif.

Label-free characterization of 14-3-3 AND
SWpTY peptide

Assay principle of biosensors

The Epic® system is based on a resonant waveguide
grating (RWG) biosensor, which exploits the evanes-
cent wave that is generated by the resonant coupling
of light into a waveguide via a diffraction grating. The
guided light can be viewed as one or more mode(s) of
light that all have directions of propagation parallel with
the waveguide, due to the confinement by total internal
reflection at the substrate-film and medium-film inter-
faces. The waveguide has a higher refractive index value
than its surrounding media. Because the guided light
mode has a transversal amplitude profile that covers all
layers, the effective refractive index N of each mode is a
weighted sum of the refractive indices of all layers:

N:fN(nF’nS’nC’nad’dF’dad’A’m’O-) (1)

Here, n, n, n., and n_, is a refractive index of the
waveguide, the substrate, the cover medium, and the
protein adlayer, respectively; d and d_, are the effective
thickness of the film and of the protein adlayer, respec-
tively. N\ is the vacuum wavelength of the light used.
m=0, 1, 2, is the mode number; and o is the mode type
number, which equals to 1 for TE (transverse electric or
s-polarized) and 0 for TM modes (transverse magnetic
or p-polarized). Because of its higher sensitivity, gen-
erally the TM was used for measuring the binding of
biomolecules to the probe proteins immobilized on the
surface of the waveguide substrate.

When a laser illuminates the waveguide at varying
angles orwavelengths, lightis coupledinto thewaveguide
only at specific angles or wavelengths, respectively. This
coupling is determined by the effective refractive index
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of the guided mode, denoted as N. The value of N can
be calculated numerically from the mode equation for
a given mode of a four-layer waveguide configuration
(16,17).

)
n’—n {(N/nc ) +(N/m, )2—1}“
NZ—I’l; 0.5 (2)
n:—N*

Here, k=2w/A.

Since the laser light is coupled to, and propagates
parallel to the surface in the plane of a waveguide film,
this creates an electromagnetic field (i.e., an evanescent
wave) in the liquid adjacent to the interface. The ampli-
tude (E, ) of the evanescent wave decays exponentially
with increasing distance d from the interface:

AZ,

Em(d)=Em(0)exp( — J 3)

-0 0[(N/nF )2+(N/nc )2—1:|7l
AZC = 2 2 0.5 + 0.5 (4)
k(N —nc) k(Nz—né)

Where “Delta”Zc is the penetration depth (also termed
as sensing volume; typically ~150 nm) of the evanescent
tail of the waveguide mode that extends into the cover
medium. This means that a target or complex of a certain
mass contributes more to the overall response when the
target or complex is closer to the sensor surface, com-
pared to when it is further from the sensor surface.

Figure 1 showed a schematic drawing for detecting the
binding of biomolecules in a sample to the probe mol-
ecules immobilized onto the surface of the waveguide
substrate. In a particular assay, the probe molecules are
precoupled to the surface, primarily through covalent-
coupling or biospecific interaction (e.g., biotin-avidin
interaction). Alternatively, the immobilization of probe
molecules can be monitored in real time to ensure the
efficiency and quality of the coupling. Nonetheless, after
the immobilization of probe molecules, the binding of
target molecules, in the absence and presence of a mod-
ulator, can be directly monitored by the label-free RWG
biosensor, as manifested by the shift in wavelengths or
angles of the reflected light.
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The Corning Epic® system is composed of three major
components for bioassay applications: an EPIC® sensor
microplate, an RWG detector, and a liquid-handling
system. The sensor microplate consists of a glass bottom
plate attached to a holey plastic 384-well plate, which
enables high-throughput screening. The RWG sensor
consists of a thin film of dielectric material on the grat-
ing presenting glass substrate.

Principle of biochemical assays

The label-free detection of 14-3-3 interactions with
its phosphorylated partners was performed by using
a resonant waveguide grating system known as the
Epic® system. The detection scheme is based on
the direct covalent immobilization of NH2-SWpTY
(NH2AhxAhxFRGRSWpTY-COOH) peptide on the sur-
face of the Epic® plates (Figure. 2A). SWpTY is a member
of the mode III consensus motif family that interacts with
14-3-3 (10). In solution, synthetic SWpTY peptide binds
to recombinant 14-3-3 with a dissociation constant
(K,) of 0.17 uM, comparable to the affinity of canonical
modes I and II binding (11). The Epic® system exploits
the evanescent wave that is generated by the resonant
coupling of light into a waveguide via a diffraction grat-
ing (16). Hence, the interactions within ~150 nm vertical
range may be detected with no requirement for removal
of the interaction solution. Furthermore, the microtiter
plate format of the Epic® system allows for the open
access to parallel and sequential additions of analytes, a
feature that is more difficult to implement in a flow cell-
based system.

Figure 2B shows, upon GST-14-3-3{ addition, the sam-
ple well with bound GST-14-3-3( on the NH2-SWpTY-
immobilized surface gives a binding signal, while the
unbound 14-3-3 out of the ~150 nm penetration depth is
not detected. Conversely, the reference well with a PEG-
amine immobilized surface gives very low signal upon
GST-14-3-3¢ addition.

Figure 2C shows the evolution of the binding signal as
a function of time. Unlike SPR experiments performed
with flow channels, in which true kinetic measurements
can be made, the binding in the Epic® plates is diffusion
limited, and, therefore, kinetic measurements are also
diffusion limited. Nonetheless, equilibrium-binding
measurements and estimation of affinity can be accu-
rately determined.

Kd detection with Epic®

To determine the rank order of the affinity of various
peptides for 14-3-3, a competition assay was con-
ducted. In contrast to the direct detection using the
immobilized binding partner, the competition assay
uses the binding competitors to measure binding

affinity in solution. Affinity detection through competi-
tive replacement has been a routine method (18,19).
The distinct signals by competitor peptides can be
observed with considerably different affinities using
the Epic® system. The fitting results for K values of the
competitors SWpTY, SWTY, SWpTD, and SWpTP are
0.12+0.05 M, >50 uM, 1.75+0.14 pM, and 6 + 1.67 uM,
respectively. Direct comparison of this method with
the previous detection of SWTY-14-3-3 interaction
with fluorescence anisotropy suggests a similar rank
order of the affinity.

Assay sensitivity and specificity

Using the optimized conditions for GST-14-3-3(, the
assay has a limit of detection of 38nM, with a linear
range (LR) of 0.038-2 M (R2=0.96). To evaluate the
specificity of the interaction, 14-3-3 was added into
wells modified with either NH2-SWpTY or nonphos-
phorylated NH2-SWTY (Fig. 3A). Only wells immobi-
lized with the phosphorylated peptide NH2-SWpTY
gave detectable signals. Furthermore, upon addition of
competitive 14-3-3 binding peptides, SWpTY, or R18,
a nonhomologous 14-3-3 binding peptide, the bind-
ing signals were significantly reduced. In contrast, the
nonphosphorylated SWTY peptide did not affect the
binding of 14-3-3. To be more definitive, the SWpTY
peptide binding was tested with wild-type 14-3-3 and
14-3-3 K49E, which has a mutation at the binding site
(20). Consistently, the binding signal was obtained only
in wild-type 14-3-3 proteins. Therefore, these experi-
mental results provide the evidence for the specific
phosphor-dependent detection of 14-3-3 interactions
with substrate peptides.

Chemistry

y 9 v 9§
Waveguide |_| |_| |_|
Substrate

Y/

o Reflected
White light wavelength

Figure 1. The detection scheme of RWG biosensor for detecting the
binding of target molecules (®) in a sample to the probe molecules
(Y) immobilized onto the surface of a waveguide substrate. The
specific binding event is manifested in a shift in the wavelength of the
reflected light. The waveguide substrate consists of a region within
which a grating structure is embedded. The probe molecules are cou-
pled to the derivatized waveguide substrate.
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Figure 2. Scheme of 14-3-3 SWpTY interaction detection. (A) Surface reaction scheme for immobilization of N-terminal amino group modified
peptides. X, reactive group; NH2-Peptide, N-terminal amino group modified peptides. (B) Binding scheme for 14-3-3. Left two panels show the
immobilized substrate (NH2-SWpTY) and reference (PEG-amine). Right two panels show GST-14-3-3( binding. In the sample well, where GST-
14-3-3( is added, GST-14-3-3( binds to the immobilized NH2-SWpTY peptide. In the reference well containing immobilized PEG-amine, there
is no binding of GST-14-3-3(. (C) The time-course charts of the respective responses from sample wells and reference wells, with S1 as an unref-
erenced signal from GST-14-3-3 { on NH2-SWpTY (50 p.g/mL at pH5.5. GST14-3-3 at 1 M), S2 as an unreferenced signal from GST-14-3-3 { on
PEG-amine (50 pg/mL, pH 9.0 GST14-3-3 at 1 uM), and S3 as a referenced signal obtained by subtraction of S1 with S2.

Compatibility of the Epic® system for high-throughput
screening

The detection of 14-3-3 binding by the Epic® system
was further examined for the capability of high-
throughput screening. Common to most label-free
systems is the issue of nonspecific interactions, which
require control tests for the small molecules, espe-
cially those promiscuous, hydrophobic ones. To over-
come this issue, a self-reference Epic® plate has been
designed, as shown in Figure 3. One half of the sensor
was coated with active chemical, good for immobiliza-
tion; the other half was not coated and was resistant
to the immobilization and consequently serves as the
control. The Epic® system can detect two areas and
normalize the nonspecific interaction with the surface

Nen-
binding

surface

d:’
L

Figure 3. Schematic representation of the self-referenced biosensor
in the well of Epic® plates. The pink area denotes the active chemi-
cal area good for immobilization, whereas the gray area denotes the
area resistant to immobilization, which consequently serves as the
control. The Epic® system can detect two distinct areas and normalize
the nonspecific interaction with the surface from the promiscuous
small molecules/aggregates.
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from the promiscuous small molecules/aggregates.
For example, as expected, the presence of DMSO did
result in a change of bulk refractive index, and, hence,
a change in the unreferenced signals of both test wells
and reference wells. However, proper use of referenc-
ing eliminates this effect, and thus there is no signifi-
cant difference for the referenced signals between 0%
DMSO up to 10% DMSO.

The statistic data of responses of GST-14-3-3(, with
or without preincubated SWpTY, have shown a good
signal-to-noise ratio of ~15. The addition of 20 uM of
competitor SWpTY peptide in the solution resulted in a
94% decrease of the referenced signals, with a Z factor of
0.8, indicating the robustness and compatibility of the
assay for high-throughput screening.

Label-free detection of phosphorylated
SWpTY peptide

Because of the specificity of the Epic® system for the
label-free detection of the phosphor-dependent inter-
action of 14-3-3 and its substrate, SWpTY, a label-free
assay for kinase identification of the peptide substrates
is designed with two possible schemes.

The first approach (Figure. 4A) is the direct iden-
tification of acting kinases by immobilization of the
nonphosphorylated peptide substrate on the optical
sensor. The in situ and in vitro phosphorylation system
will be added into wells to phosphorylate the immo-
bilized peptide substrates, consequently inducing
the 14-3-3 binding and biosensor signals. The second
approach (Figure. 4B) is the indirect identification
of acting kinases by immobilization of the phospho-
rylated peptide substrate on the optical sensor. The
in situ and in vitro phosphorylation system will be
added into wells with nonphosphorylated peptide
substrate in solution, and after phosphorylation, the
newly produced phosphorylated peptide substrate
will compete with the immobilized peptide substrates
for the 14-3-3 binding and biosensor signals. The sec-
ond approach is more likely suitable for the homoge-
neous phosphorylation of the peptide substrate. The
first approach will be limited by the accessibility of the
immobilized peptide substrates. As shown in Figure
4C, both approaches were tested in a case. When a
nonphosphorylated peptide is immobilized, the addi-
tion of phosphorylation mixture (rxn) does not gen-
erate any 14-3-3 binding at the second addition. This
validates that 14-3-3 does not bind to nonphosphor-
ylated peptide, and phosphorylation is not working
for immobilized nonphosphorylated peptide by Akt
and PKA. Conversely, when a phosphorylated peptide
is immobilized, the addition of phosphorylated pep-
tide (positive control) results in a great decrease of

the Epic® signal, due to the competition, while 14-3-3
alone (negative control) generates a higher binding
signal. When Akt is added, the mixture results in ~40%
decrease of the 14-3-3 binding signal (newly produced
SWpTY competing with immobilized SWpTY), while
the addition of PKA results in no change of the 14-3-3
binding signal. Preliminarily, the results indicate that
Akt (21) is likely to be the acting kinase (at least in
vitro) for SWTY, while PKA is unlikely to be the acting
kinase for SWTY.

Discussion and perspectives

Comparison of characterization of 14-3-3 and SWpTY
interaction by Epic® System with that by fluorescence
anisotropy

The phosphor-specific interactions of the 14-3-3 and
SWpTY are characterized by two different methods: one
label method of fluorescence anisotropy, and another
by the Epic® label-free system. As indicated in Table 1,
the two methods have very similar results in sensitiv-
ity, affinity detection, and affinity ranking of SWTY-like
peptides. Both have shown robustness for the high-
throughput screening, with a Z factor better than 0.5,
S/N ratio better than 7, and up to a 10% DMSO tolerance
(with self-reference).

Perspectives

One possible immediate application is likely to be the
antibody profiling for the discovery of biomarkers in
the blood/serum samples. Our preliminary data with
an Anti-SWpTY phosphorylation-specific antibody
have shown that the antibody has better sensitivity
than that of 14-3-3 (data not shown). In addition, IgG
and Anti-IgG interaction can be fairly well detected on
the Epic® label-free system, which can discriminate the
difference between natural Anti-IgG and Fluorescein-
labeled Anti-IgG (data not shown). These results have
indicated the possibility of high-throughput profiling
of the antibodies for the large-scale biomarker dis-
covery, especially in a label-sensitive pathway-based
biomarker search (22).

One great aspect of Epic® application is the cell-based
label-free assay. There have been quite a few reports on
its potential applications. One of our applications is the
direct detection of endogenous receptors in A431 cells.
As shown in Figure 5, a small-scale screen on Epic* has
results in several interesting small molecules, including
known modulators. Comparing with the kinetic Ca-Fura
ITimaging results (23), the label-free kinetics have a very
similar shape of time-course response, which might
indicate a delayed response correlated with Ca response.
This may provide a basis for further investigation of the
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Figure 4. Schematic representation of the two approaches for kinase identification of peptide substrates, as indicated by 14-3-3 and SWTY pair.
(A) Direct identification of acting kinases by immobilization of the nonphosphorylated peptide substrate on the optical sensor. The in situ and in
vitro phosphorylation system will be added into wells, to phosphorylate the immobilized peptide substrates and consequently induce the 14-3-3
binding and biosensor signals. (B) Indirect identification of acting kinases by immobilization of the phosphorylated peptide substrate on the
optical sensor. The in situ and in vitro phosphorylation system will be added into wells with nonphosphorylated peptide substrate in solution,
and after phosphorylation, the newly produced phosphorylated peptide substrate will compete with the immobilized peptide substrates for the

14-3-3 binding and biosensor signals. (C) Epic® signal as for kinase identification for SWTY phosphorylation. Akt and PKA were used in the opti-
mal condition of phosphorylation. The 20 M SWpTY was added as a positive control.
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Table 1. Comparison of the 14-3-3 -SWpTY interaction detection from fluorescence anisotropy and Epic® label-free detection.

Fluorescence Anisotropy Epic® System
Sensitivity 16nM 38nM
Linear range 16—700nM 38—2000nM
Specificity Good Good
Affinity (M) K,=1.7+0.3 (GST-14-3-3() K, =2.1%0.4 (GST-14-3-3()
Affinity (LM, competitive) SWpTY SWTY SWpTD SWpTP SWpTY SWTY SWpTD SWpTP
0.17+£0.04 >100 2.2+0.3 45+11 0.12+0.05 >50 1.75+0.14 6+1.67
DMSO tolerance 10% 10%
Z factor >0.5 >0.5
S/N ratio ~8.4 ~15
A A
=~ 1.5+ Control (B2, 16 uM)
© 1 - Bradykinin (16 nM)
5 147 ATP (10 uM) E
- 434 —— UTP (10 uM) k=)
E 7 C11 (16 uM) w
8 1.2 g
g 7
€ 114 Rl
S 8
3 101 :
o —
o
o 0.8 1
g 4
g 0.7 ]
g 0.6 Virus only Virus w/Drug Drugonly = Medium
E J
L 05 LI T Ll L] B 1
100 150 200 250 300 16 - I Neuraminidase activity
Time (s) - A549, MOI=3, after 56 hr
=) 1
B ]
500 ~ »  Control (B2, 16 uM) X
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o A ATP (10 uM) °
400 - %, v UTP (10 uM) 2
_ . + C11 (16 uM) 3
€ ] 8
= 300 - ¢ S
© o
c L]
2 Tv .
2 v
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% Il u ’.“. ‘0.‘ |
] | A o *e \‘Nn‘. Virus only Virus w/Drug Drug only Medium
100 - i ..Qg:j‘ oM
> '7:“1 Figure 6. Representative results from the label-free cell-based
-l% viral detection. (A) Epic® label-free cell-based detection of influ-
0 enza virus, on A549 cells (human alveolar basal epithelial cells). (B)
Neuraminidase activity validation of the Epic® label-free cell-based
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Figure 5. Representatives of label-free screening of A431 on Epic®.
(A) Fura II based fluorescence kinetic imaging results on A431 cells,
upon the addition of correspondent small molecule compounds. (B)
Epic® label-free detection on A431 cells, upon the addition of corre-
spondent small molecule compounds.

phosphorylation pattern of GPCRs, in which the sites
and amount of phosphorylation by a variety of kinases
(i.e., GRKs, PKA, tyrosine kinase receptor) dictate the

detection of influenza.

downstream pathways (i.e., desensitization and/or
arrestin recruitment) (24-26). Interrogation of GPCR
phosphorylation on the label-free Epic® platform would
be most informative with a panel of known specific
kinase inhibitors, in combination with kinetic responses
from multiple additions, to assess the desensitization
and internalization processes. It is worthy to point out
that a sophisticated pathway analysis might be needed
for the complicated phosphorylation network involving
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GPCRs to deconvolve the Epic® dynamic mass redistri-
bution (DMR) responses.

Another application is to apply the Epic® high-
throughout label-free assay to the detection and anti-
viral drug development. Without further emphasis on
the importance of anti-viral drug discovery for emerg-
ing threatening epidemics (27), the challenge is still to
develop antiviral therapy for the newly emerged virus
strain with limited prior knowledge. In this case, the
label-free system would likely be the only alternative,
since any blind labeling technique without prior knowl-
edge is likely to be unspecific, and thereby compromise
its relevance to the real-world situation. Preliminary
representative results from the label-free cell-based
viral detection are provided in Figure 6. With human
basal epithelial cell A549, an influenza viral infection
is induced by addition of influenza virus (MOI=3). The
viral infection does induce the Epic® signal, without
interference from drug alone or medium alone. The
addition of drug resulted in 30% decrease of the signal,
which is well correlated/validated with the established
viral infection detection method of neuraminidase
activity detection (28).

In summary, here we present the biochemical inter-
rogation of phosphor-specificinteractions of the 14-3-3
protein and its substrates with a high-throughput
label-free optical biosensor system, the Epic® system. It
has shown the capability not only for high-throughput
characterization of binding rank and affinity but also
for the exploration of potential interacting kinases for
the substrates. A perspective of biochemical appli-
cations for diagnostics and biomarker discovery, as
well as cell-based applications for endogenous recep-
tors and viral infection characterization, are provided
as well.
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